Abstract. The stress state in metal forming processes usually implies low values of triaxiality. It is well known that damage models based only on triaxiality fails to capture the damage behavior properly, and recent articles have stressed the effect of the Lode parameter in describing damage. Moreover, in some process like incremental forming, the through thickness shear could dominate the rupture mechanism making the description, using solely the triaxiality, inaccurate. In this paper, a preliminary study of the stress state is carried over a near-to-failure single point incremental forming (SPIF) formed cone, through finite elements simulations using a newly developed solidshell element. The results provide a basis for further studies into damage development in SPIF.
Introduction
Single point incremental forming (SPIF) is a forming process in which a clamped sheet is locally deformed by a small tool, and the desired shape is only given by the tool motion. The process presents several advantages over conventional forming approaches such as the lack of any die and the relative simple configuration, based on a clamping mechanism and a CAD/CAM system imposing tool displacement defining the final sheet shape. Moreover, the reachable strains are usually higher that conventional process, meaning higher formability [1] . The explanation of this behavior has been deeply investigated but could not be related to a single cause. In her lecture during Numisheet conference 2011, Habraken [2] presented a review of most of the possible explanations and thanks to damage modeling Malhotra et al. [3] proposed interesting steps to understand deformation mechanism and localization. Yoon et al. confirms in [4] that it is possible with 3D constitutive law coupled with rupture criteria to predict the different mechanisms of rupture depending on each case determined by geometric and material parameters. The experimental study of Silva et al. [5] as well as their deep analysis confirms that it is possible to identify a critical threshold for the ratio between the thickness of the sheet and the radius of the tool that distinguishes between fracture with and without previous necking.
It seems now to be widely accepted that the localized nature of the deformation, plus the bending state around the tool and the through thickness shear (TTS) are key factors for SPIF formability, without forgetting pressure effect as well as through thickness gradient of normal pressure due to tool contact. Nevertheless, a wide spectrum of questions still arises around formability. For example, thoroughly research about damage development during SPIF has not yet been carried out mainly because of the long CPU time of Finite Elements (FE) simulations due to the need of a refined mesh under the tool and the large tool displacement.
In this paper, we try to undercover some important characteristics of the deformation during SPIF leading to fracture, as a basis for further research on damage. A brief review of the state of art related to the formability and rupture is presented, as well as the Lode angle influence on damage, a stress measure claimed to be important in shear dominated process. A near-to-fracture 70° slope angle cone is simulated using a newly developed solid-shell element. The capacity of this solid element to model SPIF has been confirmed in [6] by the experimental validation of the predicted shape during the forming of a two slope shape pyramid. The validity of force prediction using this element is still going on. As pointed out by Bouffioux [7] , out-of-plane experiments must be used with inverse modeling and solid-shell elements to get accurate results and this point has not yet been performed. So the set of material data determined for solid element is still used in the current paper. The interest of solid-shell element is to avoid different layers of solid elements to accurately capture bending state and through thickness pressure gradient. This element allows using full 3D constitutive law and solving the lack of TTS component in shell simulations. One element of the mesh is selected to follow the evolution of stress invariants and stress measures during the whole SPIF process. The different integration points through the thickness allows analyzing the behavior of inside and outside surface material points which are not submitted to the same stress and strain tensors.
Rupture in SPIF
As already explained here above, SPIF rupture has been studied based on different frameworks. Initially, the material formability was determined by measuring Forming Limits Diagrams (FLD), noting the increased formability when compared to conventional forming processes [8] . FLDs were initially introduced by [9] and given an analytical basis by [10] , they were used mainly for deep drawing process. This common framework has been widely adopted in the literature, but suffers from important drawbacks when applied to SPIF [11] . For example, the presence of TTS implied that the principal axes are not in the sheet plane, so FLDs based on sheet plane stress can lead to wrong conclusions [12, 13] .
A short review of the mechanisms claimed to enhance formability are listed in [11] . For instance, TTS has been indicated as a key mechanism, and numerous studies had been proposed to address his influence on formability [14, 15] . Integrating the TTS into an extended version of the Marciniak and Kuczynski (MK) model [10] , shows that formability is proportional to TTS [16, 17] . Other mechanism, bending-under-tension, also improves formability. Indeed, simultaneous bending will stabilize bending operation during deformation [18] . Using a different experimental setup, the stretch-bending test also leads to identical results [19] . In SPIF, the strain history is not proportional because of bending and unbending around the tool and FLC should be determined in a non-classical way. This cyclic effect can enhance formability, as shown by [20] using a modified version of the MK model. Recently, [3] performed finite element simulations in a 70° cone and in a funnel using a plasticity model coupled with a phenomenological fracture model. The main conclusions are that fracture in SPIF is controlled by both local bending and shear. The increased formability is explained by the local nature of the deformation, through the noodle theory.
Stress State influence on damage
It is well known that the stress state affects the growth of cavities. Triaxiality has been used as a measure to consider the stress state effect into damage models. Nevertheless, void expansion can vary differently under the same triaxiality [21] , and void shape effects can have a significant influence at low triaxiality 1 levels [22] . Moreover, fracture mechanisms are essentially different for low and high values of triaxiality [23, 24] . For instance, in [25] it is observed that, for materials strongly dependent on the triaxiality and the Lode angle, the equivalent plastic strain at fracture is not a decreasing monotonic function of triaxiality. For instance, in the high triaxiality range, where the cavities growth is a predominant mechanism for damage development, equivalent plastic strain at fracture is inversely proportional to triaxiality. But in the low triaxiality range, where the cavities elongation is a more important mechanism for damage development, the equivalent plastic strain at fracture and triaxiality are directly proportional.
It is known that the stress state in many metal forming processes usually implies low values of triaxiality [22] . This observation represents a major drawback for damage models like Gurson [26] , which does not behave well under shear dominated mechanisms. Hence, for one side we have that triaxiality is an insufficient parameter to describe the damage development, because is not able to capture the shape effects. For other side, any damage model for metal forming processes should be able to address the different rupture mechanisms occurring at low level of triaxiality.
In 2006, Pardoen presented an extended Gurson model with shape effects [22] . Other considered using three stress invariants instead of only one, through the triaxiality (first invariant), von Mises equivalent stress and the Lode angle [27] . The last one has gained considerable attention from the research community during the last decade. The Lode angle seems to have an important effect on the deformation pattern of the void and void volume fraction [28] . Recently, new modifications to the Gurson model were proposed by Nahshon and Hutchinson [29] and Nielsen and Tvergaard [30] . However, the Lode angle must always be clearly defined by its user as different measures coexist as pointed out in Table 1 . 
where ij S is the deviatoric stress tensor. The triaxiality is defined by:
SPIF geometry and FE simulations
The selected geometry is a 70° degree cone with a depth of 30mm, depicted in Figure 1 . The tool is a sphere with a diameter of 10mm. The toolpath is composed of 60 contours, with a step down of 0.5mm between two successive contours. An aluminum alloy AA3003-O, with 1.2mm initial thickness, is used as the base material. The wall angle was chosen to be close to the failure angle, which is around 71° for this geometry and material [34] . Finite Element Simulations. The recently developed SSH3D solid-shell element [35] which is based on the Enhanced Assumed Strain (EAS) and the Assumed Natural Strain (ANS) techniques, is utilized. EAS and ANS permit to avoid locking problems even in very bad conditions (material incompressibility, large aspect ratios, etc). As the TTS has proved to be one of the most prominent characteristics of the SPIF process, it is believed to be adequately accounted for thanks to the solidshell formulation and the 3D constitutive law used. 24 EAS modes and the second version of ANS proposed in [6] are used during the simulations. The mesh used within the simulations, with 3114 nodes and 3064 elements, is depicted in Figure 2 . The parameters of these laws were identified by [36] using several combinations of a tensile test, shear tests and an inverse modeling approach with solid elements taking into account a test similar to the incremental forming process. Two set of parameters are used from [36] , set 2 and set 8, presented in Table 2 .
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Results and discussions
As we use an implicit approach, we have to identify the right set of strategic parameters for this highly non linear simulation (time step, contact penalty coefficient, reduced value of out of balanced forces, initial velocity field, norm of force equilibrium and norm of displacement one…) to get equilibrium and accurate displacement field. At the present state, some convergence problems prevent us to end the simulation. As the solid-shell element is quite new, we are still lacking experience with it. However the current reached state is described in Figure 3 , showing the nodal points of the simulation until the contour number 40. We are still far from the end however we can already analyzing the Lode parameter trends determined for set 2 and 8. Figure 4 and Figure 5 show the values of the triaxiality and the normalized third invariant (see Table 1 ) for two integration points (IP), the first being closer to the upper surface (IP1) and the second to the bottom surface (IP5). In both graphs, the peaks observed are due the combination of the indent step plus an edge effect of the tool when passing from one contour to another.
Some interesting trends are observed, the first one being that the triaxiality (Fig. 4) is mostly in the negative range at the beginning, but is getting higher as the tool gets closer. For the same set of parameters, the triaxiality in the sheet outer side is higher compared to the sheet inner side, as in [3] . The value of the equivalent stress is higher with a Swift model than with a Voce saturation model which means a higher denominator in Eq. 3. Hence, the absolute value of triaxiality for set 2 is lower than for set 8. 
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The normalized third invariant (Fig. 5 ) is harder to analyze, because it is a very sensitive measure. For instance, as according to the identification method (set 2 or set8) the order of the results can be inverted, being the IP5 higher than IP1 for set 2, and the contrary for set 8. The measure is usually higher in absolute value for IP1 than IP5, meaning a stress state between pure shear and compression [27] for the first one, and axisymmetric for the latter. Considering that the stress state is changing during the process, the Lode angle is able to follow this change better than the triaxiality, which remains more constant in this first part of the forming process. Table 1 show a similar behavior.
Conclusions and perspectives
From the given results, it can be concluded that:
• Literature review supports the research of the influence of the Lode angle over damage development and should be considered when studying rupture in SPIF.
• Triaxiality is mostly negative during SPIF (confirming that SPIF is a low triaxiality forming process), and is higher in the upper surface.
• For this material and process, the Lode angle is sensitive to the material model (Voce or Swift hardening) and is able to capture the stress state change during SPIF.
After addressing convergence issues, further research will concentrate into improvement of the force prediction and the analysis of the Lode angle during SPIF. Current work is devoted to the identification of an extended version of Gurson [29] for a steel material. The increased porosity, signature of a necking fracture, was checked in a pyramidal case for this material [37] .
